Introduction
In nature, many Lepidoptera and Coleoptera show the phototactic behaviors [1, 2] . Orthoptera, including locusts, photosensitivity and visual reactions of locusts to spectral light, and to explore the effects of stimulation of the biophotoelectric spectrum of these insects; such studies have the application relevance in that their results can be used to induce the phototactic behavior of these, and other insects.
The spectral sensitivity of locusts has received much attention. The existence of a mix of pigments with λ max of 430 nm and 515 nm was firstly determined by intracellular recording of single photoreceptor cells in the compound eye of the locust. Three types of receptor with λ max of 360 nm, 430 nm and 515 nm were also subsequently identified in the retina of locusts by extracellular recording, and it was assumed that each receptor contained only one light-sensitive pigment; such receptor coupling was thought to have functional advantages in enhancing ability of the insect to detect signals [6, 7] .
Similarly, using intracellular recording, Osorio [8] investigated the influence of ultraviolet (UV) and violet light on the phototactic behavior of locusts, and Farrow [9] showed that violet light can be used to attract locusts using light trap systems.
Microspectrophotometry has been used to investigate the mechanics behind the phototactic vision of locusts, such as their spectral sensitivity, light adaptation, visual acuity, and the roles of different visual pigments, such as metarhodopsin. Electroretinogram recordings revealed regular changes in the angular sensitivity of retinula cells in, as well as changes in the physiological structure of, the compound eye of locusts. These findings suggest that the regulation and synergetic action of visual and screening pigments adjusted by the optical field induce the spectral sensitivity of locusts [10, 11] . The study of the phototactic behaviors of locusts showed that, in response to different light intensities, the dorsal ocelli regulate the speed of movement and the threshold for the initiation of certain activities, and, coupled with the compound eye, are involved in angular orientation, Jander and Barry [12] and Motohiro and Yukiko [13] showed that the dorsal ocelli of locusts controls the response of the compound eye during phototaxis based on the principle of phototactic push-pull coupling.
Despite much research on the visual biophotoelectricity effects and visual reaction of locusts, there has been less focus on the visual response of locusts to different spectral properties of light. Until recently, there had also been little experimental work on the effects of photosensitive excitation on the visual sensitivity behavior of locusts. Therefore, in this current study, we used spectrophotometry to investigate the relation between the visual spectrum performance and the visual reaction of locusts. We also measured the optical behavior characteristics of the phototactic response. The results of our study provide a theoretical basis for explaining the phototactic visual nature of locusts and the application of phototactic-inducing technologies for use in the control of these insects.
Materials and methods

Experimental samples
Locusts (Locusta migratoria manilensis) were obtained from an artificial breeding base at Cangzhou, Hebei, China, and were maintained in a laboratory colony under photoperiod of L12:D12. The locusts were fed with grass plants from campus. Owing to the better biological activity, locust adults were tested after emerging one week, between 20:00-24:00 at room temperature (27°C-30°C).
Visual responses of locusts to different properties of light sources
This experiment was carried out with the AvaSpec spectrometer system using mixed spectrum light stimuli provided by AvaLight-DH-S [14] (spectral band range, 215-800 nm; peak wavelength, 400 nm; main spectral 
Behavior responses of locusts to light intensity and spectrum
Behavioral verification experiments of the response of the locust visual system to violet, orange, green, and blue light were carried out in a dark room at 27ºC-30ºC using this was to avoid any nonlinear relations between the LED current and light intensity affecting our results.
LED spectral stimuli were provided with peak wavelengths at 400 nm, 450 nm, 520 nm and 610 nm.
The stimuli were calibrated by an illuminance meter (model-ST-80C) and controlled by a PWM modulator to a set 100 lx (Table 1) . Seven sections were marked along the length of the channel from left to right, spaced 0.5 m apart, and were used to observe and distinguish the visual response of the locust to the LED light gradient from the top of the open channel. The phototactic device comprised a straight channel visual spectrum effect, presented in Figure 3 was the spectral effect of the visual response of locust with light stimulation minus that with no light, with a secondary concave peak at 545 nm and a tertiary concave peak at 435 nm, could be fitted by the sum of the absorption spectra of the three putative visual pigments recorded in locusts [15] with absorption maxima at 360 nm, 430 nm and 530 nm, respectively. However, the primary absorption peak at 610 nm did not correspond to the spectral sensitivity of UV, B, and G receptors in compound eye of the locust. The absorption by the compound eye of spectral photons at 435 nm, 540 nm and 610 nm showed an incremental trend with increasing stimulation time, and the absorption degree was the strongest at 50 min, whereas the visual absorption response at 60 min tended to be the steady-state absorption rate. These results showed that visual system of the locust has sensitive and absorptive selectivity in response to different spectral light stimuli.
Based on an analysis of the results shown in Figure 3 , (Table 1) .
When the illumination of LED light source was dim were the same) showed significant differences (F,
p>0.05).
These results showed that short wave spectrum of violet light could quickly evoke locusts visual response activity to cause the stronger aggregation effect, the long wave spectrum of orange light could induce the visual bio-physiology response to cause the better phototactic effect.
Discussion
The absorption peak wavelength ranges of the visual system of insects are 510-570 nm, 4l0-490 nm and 340-365 nm; the visual pigment in insects is rhodopsin, which is able to absorb light from the green end of the spectrum through to the UV end, ensuring that insects attain maximum sensitivity to spectral light [16] . Thus, locusts and other insects are able to adapt and respond to changes in the intensity of light in their environment [17, 18] .
However, locusts display varying levels of sensitivity to different spectral light levels, which can affect the phototactic behavior of the insect [19] .
Our study of the visual spectrum of the locust 
